Abstract Recently, we showed that the fused chorismateutilizing enzyme from the antibiotic-producing soil bacterium Streptomyces venezuelae is an anthranilate synthase (designated SvAS), not a 2-amino-2-deoxyisochorismate (ADIC) synthase, as was predicted based on its amino acid sequence similarity to the phenazine biosynthetic enzyme PhzE (an ADIC synthase). Here, we report the characterization of SvAS using steady-state kinetics, gel filtration chromatography, and laser light scattering. The recombinant His-tagged enzyme has Michaelis constants K m with respect to substrates chorismate and glutamine of 8.2 ± 0.2 lM and 0.84 ± 0.05 mM, respectively, and a catalytic rate constant k cat of 0.57 ± 0.02 s -1 at 30°C. Unlike most other anthranilate synthases, SvAS does not utilize ammonia as a substrate. The enzyme is competitively but non-cooperatively inhibited by tryptophan (K i = 11.1 ± 0.1 lM) and is active as a monomer. The finding that SvAS is a monomer jibes with the variety of association modes that have been observed for anthranilate synthases from different microorganisms, and it identifies the enzyme's minimal functional unit as a single TrpETrpG pair.
Introduction
The chorismate-utilizing enzyme anthranilate synthase [AS; E.C. 4.1.3.27] catalyzes the first committed step of the tryptophan biosynthetic pathway, i.e., the conversion of chorismate to anthranilate. The enzyme is feedback inhibited by tryptophan in a manner that is competitive with respect to substrate chorismate, and its reaction ( Fig. 1 ) occurs in two steps. The first step involves the transfer of ammonia from glutamine bound to a glutamine amidotransferase (TrpG) subunit (or domain) to chorismate, which is bound to an anthranilate synthase (TrpE) subunit (or domain). Concomitantly, a hydroxyl group is lost from chorismate, producing the intermediate 2-amino-2-deoxyisochorismate (ADIC). The second step utilizes an ADIC lyase activity at the TrpE site to remove a pyruvate group (and a proton) from ADIC, generating the fluorescent compound anthranilate. A magnesium ion (Mg 2? ) is required for catalysis. All of the AS enzymes characterized so far can use free ammonia (in lieu of glutamine) as substrate.
In many cases, AS functions as a TrpE 2 TrpG 2 heterotetramer made up of separate (non-fused) TrpE and TrpG subunits. On the other hand, in some bacterial species, including Bacillus subtilis [1] and other members of the genus Bacillus [2] , as well as in Acinetobacter calcoaceticus [3] and Pseudomonas putida [4] , the enzyme is active as a TrpE-TrpG dimer. For some of these enzymes, intra-generic and even inter-generic hybrid dimeric TrpE-TrpG complexes can be formed [2, 5] . It has been proposed that association and disassociation of the complexes can regulate enzyme activity in Bacillus [6] . Finally, in some bacteria, namely Azospirillum brasilense [7] , Rhizobium meliloti [8] , and Streptomyces venezuelae [9] , putative AS enzymes made of a single type of polypeptide chain having fused TrpE and TrpG domains connected by a linker are present (designated TrpEG). It is the fused TrpEG enzyme from S. venezuelae that is the subject of this study.
Anthranilate synthases from a number of microorganisms, including the mesophilic bacteria Escherichia coli [10] , Salmonella enterica (or typhimurium) [11] [12] [13] , and Serratia marcescens [14, 15] , as well as the hyperthermophilic archaeons Sulfolobus solfataricus [16] and Archaeoglobus fulgidus [17] , have been characterized in terms of their kinetic, regulatory, and physicochemical properties. X-ray structures of anthranilate synthases from S. enterica [18] , S. marcescens [19] , and S. solfataricus [20] -all of which are tetrameric-have been reported. These structures reveal different quaternary arrangements of subunits for the first two enzymes (SeAS and SmAS) versus the third (SsAS). Inhibition by tryptophan is cooperative for SeAS and SmAS, but non-cooperative for SsAS and A. fulgidus AS. The tryptophan site is located within the TrpE subunit, and tryptophan will inhibit the ammoniadependent reaction of the isolated subunit, but inhibition is non-cooperative [21] . In SmAS and SsAS, the tryptophan site was shown to be approximately 20 Å from the chorismate site [19, 20] .
Previous work in our laboratory demonstrated that the fused trpEG gene from S. venezuelae encodes an AS (designated SvAS) [22] , not an ADIC synthase as was initially surmised based on its amino acid sequence similarity to the Pseudomonas phenazine biosynthetic enzyme PhzE [23] , which is an ADIC synthase (Tin-Wein Yu, personal communication). The goal of the current study was to characterize SvAS in terms of its steady-state kinetic and regulatory properties and its oligomeric state. Our results show that the chorismate-dependent activity of the enzyme is competitively and non-cooperatively inhibited by tryptophan. Unexpectedly, SvAS functions as a monomer and is not able to use free ammonia as substrate.
Materials and methods

Materials
The culture medium components Bacto-Tryptone, BactoAgar, and Bacto-Yeast Extract were from Dickinson and Co. 
Chorismate preparation
Chorismate was prepared in-house as described [24, 25] . E. coli KA12 cells, which contain a mutation in the chorismate mutase gene and are engineered to overproduce chorismate, which is secreted into the culture medium, were grown in undefined medium for 7-10 h. The cells were then transferred to accumulation medium and grown for an additional 16-17 h in order to overproduce chorismate. The cell suspension was centrifuged (5,0009g for 13 min) to remove the cells. The supernatant was then processed for isolation and purification of chorismate as described [24, 25] . The final chorismic acid preparation, which was [99 % pure, was stored at -80°C.
Protein expression and purification
To express the recombinant His-tagged SvAS, BL21(DE3)-pLysS cells (Novagen) containing the pET21b/SvAS vector [22] were cultured in LBBS (LB containing 2.5 mM Betaine and 1 M D-sorbitol) media containing 100 lg/ml ampicillin and 34 lg/ml chloramphenicol. Cultures were grown at 37°C until OD 600 reached 0.6, and were then moved to 20°C, induced with 0.3 mM IPTG, and grown for an additional 16 h at 20°C. Cells were pelleted and stored at -20°C overnight.
The frozen pellets were thawed and resuspended in lysis buffer (100 mM Tris-HCl, pH 8.0, 10 % glycerol, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and 15 mM imidazole) and lysed by sonication. The lysate was centrifuged at 11,000 rpm for 20 min at 4°C, and the clear supernatant loaded onto a Ni-NTA spin column (Qiagen, Valencia, CA) that had been equilibrated with binding buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM ß-mercaptoethanol, 20 mM imidazole, and 5 % glycerol). The column was washed sequentially with column buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM ß-mercaptoethanol, and 5 % glycerol) containing 30 and 100 mM imidazole to remove the more weakly bound proteins. Tightly bound His-tagged SvAS was eluted with column buffer containing 250 mM imidazole. A PD-10 desalting column (GE Healthcare) was used to remove imidazole, and an Amicon ultracentrifugal filter (15 ml volume, 10 kDa molecular weight cut off, Millipore, Billerica, MA) was used to concentrate the purified protein for storage at -20°C in 50 % glycerol. Protein was determined using the Bio-Rad assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard.
Enzyme activity assay and steady-state kinetics analysis
The standard 2-ml activity assay contained chorismate (200 lM), glutamine (20 mM), MgCl 2 (12.5 mM), and SvAS enzyme (10 lg) in 50 mM Tricine buffered at pH 7.5. To measure ammonia-dependent activity, the pH was increased to pH 8.5. A Fluoromax-3 photon-counting fluorescence spectrometer (Jobin-Yvonne) was used for recording production of anthranilate over time. Excitation and emission wavelengths were 315 and 395 nm, respectively (slit widths 2 nm). A standard curve ([anthranilate] vs. fluorescence intensity) was constructed using standards of known concentration; this allowed conversion of fluorescence intensity to anthranilate concentration. Initial velocity experiments were performed by measuring activity at increasing concentrations of one substrate while keeping the other constant at a saturating level. Steadystate kinetic constants (K m , V max ) were obtained by fitting initial velocity data to the Michaelis-Menten equation using SigmaPlot (Systat, Inc.). The k cat value (s -1 ) was calculated from the average of the V max values (nmol/min/ mg) obtained from chorismate and glutamine saturation curves; a molecular mass of 67 kDa for SvAS was used. To determine the optimal pH, activity was measured at 30°C in Tricine solutions buffered at pH-values ranging from 6 to 9.0 (0.5-unit increments). To determine the effect of temperature on activity, standard assays were carried out at temperatures ranging from 15 to 55°C.
Tryptophan inhibition
For determination of the tryptophan inhibition constant (K i ), initial velocity experiments were carried out as described above, but in the presence of one of four different tryptophan concentrations: 2.5, 5, 10, or 20 lM. Chorismate concentrations ranging from 0.39 to 100 lM were used, and glutamine was kept constant at a saturating level (20 mM). Lineweaver-Burk analysis (1/V i versus 1/[chorismate]) of the data allowed a determination of inhibition type (competitive, non-competitive, or mixed).
Fitting the data to the equation for type of inhibition (competitive in this case) allowed determination of the K ivalue. The SigmaPlot enzyme kinetics module was used.
Gel filtration chromatography and laser light scattering A Sehpacryl S-300 gel filtration column (2.5 9 100 cm) was equilibrated overnight at 4°C in a solution containing 50 mM Tricine (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. The protein sample was concentrated to 1 mg/ml and loaded onto the column at a flow rate of 1.0 mL/min. Elution was carried out at the same flow rate. Fractions (1 ml) were collected, and both absorbance at 280 nm and anthranilate synthase activity were measured. The column was calibrated using the following molecular mass markers: chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), and ferritin (440 kDa). A standard curve for determining the size of the intact, active SvAS enzyme was constructed by plotting K av vs. log M r for the five standard proteins. Here,
, where V o is the void volume of the column, V t is the total volume, V e is the elution volume, and M r is the molecular mass.
For laser light scattering determination of the solution molecular mass of SvAS, a KW-804 Shodex HPLC size exclusion column (8.0 9 300 mm) connected in-line to light scattering (mini DAWN TREOS, Wyatt Corp., Santa Barbara, CA), refractive index (Opti-Lab rEx; Wyatt Tech Corp., Santa Barbara, CA), and UV detectors was used. The column was equilibrated with 10 mM phosphate buffer, pH 6.5, 100 mM ammonium sulfate, 0.10 mM EDTA, and 0.01 % sodium azide, and was run isocratically at a flow rate of 0.5 ml/min. Twenty microliters of a 5 mg/ml purified SvAS protein sample were injected for analysis. A refractive index increment of 0.185 mL/g was used to estimate concentrations for molecular weight determination, and bovine serum albumin was used as an isotropic scatterer for detector normalization. Data from the detectors were integrated and analyzed using ASTRA software (Wyatt Corp., Santa Barbara, CA).
Results
Steady-state kinetic properties and tryptophan inhibition
The pH optimum for SvAS (Table 1 ) was found to be 7.5, a value consistent with those for other anthranilate synthases. With the exception of activity assays that attempted to use ammonia as substrate, for which pH was set at 8.5, all assays were carried out at pH 7.5 (and 30°C). Initial velocity plots with respect to substrates chorismate and glutamine yielded values of K m chr , K m gln , and k cat ( Table 1 ) that were consistent with those of other anthranilate synthases. The K m chr obtained was within the range of those for other AS enzymes studied to date (0.9-18 lM) [10] [11] [12] [13] [14] [15] [16] [17] ; the K m gln value was likewise within the range for other AS enzymes (19 lM-7.0 mM) [10] [11] [12] [13] [14] [15] [16] [17] and was close in value to those for S. enterica and S. marcescens AS, both of which are 0.5 mM [11] [12] [13] [14] [15] . Unlike all other anthranilate synthase studied to date, however, free ammonia was found to not be a substrate for SvAS; concentrations higher than 1 M gave no activity.
The catalytic rate constant k cat of SvAS (Table 1) was closer in value to those for the non-cooperative enzymes from the hyperthermophiles S. solfataricus and A. fulgidus (0.14 and 0.25 s -1 , respectively; T = 60°C [16, 17] ) than for the cooperative ones from mesophiles S. enterica and S. marcescens (5 and 10 s -1 at 25 and 35°C, respectively [11] [12] [13] [14] [15] ). The temperature dependence of the activity of SvAS was as one would expect for an enzyme from a soildwelling mesophile: maximum activity was at 45°C (Table 1) , with activity dropping dramatically at temperatures above this value (not shown).
Tryptophan competitively inhibited the enzyme (Fig. 2) . The lack of upward curvature in the double-reciprocal lines in Fig. 2 indicates that the inhibition is non-cooperative. The value of K i that was obtained (Table 1) is marginally higher than those of other anthranilate synthases, which are in the low-micromolar range (0.3-5 lM) [10] [11] [12] [13] [14] [15] [16] [17] .
SvAS is a monomer
The gel filtration (Fig. 3) and laser light scattering (not included) experiments gave molecular masses of 66 ± 2 and 66.6 ± 1.0 kDa, respectively, for the active SvAS enzyme. Since the molecular mass of the single polypeptide chain determined by SDS-PAGE [22] and calculated from the amino acid sequence is 67 kDa, these results indicate that SvAS functions as a monomer. In order to rule out the possibility that SvAS moved through the gel filtration column as an (inactive) monomer, but then Albumin was run twice for this experiment. Inset, the results were obtained by removing an aliquot of the active fraction corresponding to a molecular mass of 67 kDa from the gel filtration column, adding it to the assay cuvette, and immediately measuring the change in fluorescence intensity (in counts per second) over time (in sec). The fact that no lag is observed at the beginning of the assay suggests that assembly of the monomers into higher-order structures (dimers) is not required for activity. See Materials and methods for details associated to form an (active) dimer in the subsequent activity assay, we performed an experiment in which fractions taken from the column were directly assayed for activity, and the build-up of anthranilate (measured by fluorescence intensity) was recorded in short 1-second time intervals. We wanted to test this possibility because the isolated TrpE and G subunits of some Bacillus AS enzymes are known to undergo rapid association under assay conditions, thereby forming an active dimeric complex. In those other cases, hysteresis, caused by an initial lag in activity, was observed when the reaction was followed over time [6] . Our results (Fig. 3, inset) show that there is no hysteretic effect, i.e., no lag in activity, suggesting that a transition from an inactive monomer to an active oligomer is not taking place, and that the active form is a monomer.
Discussion
Our results show that the fused anthranilate synthase from S. venezuelae (SvAS) utilizes chorismate and glutamine in a manner similar to other anthranilate synthases, but cannot use ammonia as substrate. The enzyme is end product inhibited by tryptophan, the inhibition is non-cooperative, and it is competitive with respect to chorismate. Surprisingly, SvAS functions as a monomer. The finding that SvAS, unlike other AS enzymes, cannot utilize ammonia as substrate suggests that the association between TrpG and E domains is tight enough to create a structural constraint at the chorismate site that prevents exogenous ammonia from entering, binding, and being utilized in the reaction. It is possible that the 50-amino acid long linker between TrpE and G domains, which is present in SvAS but not other AS enzymes characterized, may play a role in helping to form a less open or accessible chorismate site. But its structural role is currently unknown.
The tryptophan site in SvAS has not yet been elucidated, but in SsAS and SmAS, it has been identified to be present within the TrpE subunit, where its location is approximately 20 Å away from the chorismate site [19, 20] . Amino acid sequence alignment shows that many of the residues involved in tryptophan inhibition in other anthranilate synthases (e.g., from S. enterica and S. marcescens) are not conserved or are completely absent in SvAS (see [22] ). Notably, although tryptophan binds to a site other than the active site, its inhibition is clearly competitive with respect to chorismate. This indicates that the inhibitory signal of tryptophan binding is relayed across the short distance from the tryptophan site to the chorismate site through localized conformational changes.
The observation that SvAS is a monomer means that the conformational changes associated with tryptophan inhibition are transmitted within the subunit and are not relayed across subunit-subunit interfaces, which are not present in SvAS. The absence of cooperativity is consistent with a lack of oligomeric structure. Moreover, while it is true that this appears to be the first report of a monomeric anthranilate synthase, there have been reports of dimeric TrpETrpG AS enzymes from various Bacillus species, as well as from Acinetobacter and Pseudomonas [1] [2] [3] [4] . Thus, there is a precedent for anthranilate synthases having only one TrpE and one TrpG unit, albeit on separate polypeptide chains that associate together. Moreover, two different association states have been reported for anthranilate synthases whose X-ray structures have been determined. In one association state, exemplified by the (TrpE) 2 (TrpG) 2 tetrameric enzymes from S. enterica and S. marcescens [18, 19] , the TrpE-TrpG dimer-dimer interface is formed from central TrpE subunits, with TrpG subunits on the outside (Fig. 4a) . In this case, the functional unit is the entire tetramer since all four subunits participate in the inhibitory allosteric transition [26] and there is a viable pathway through which conformational changes can be transmitted across the TrpE-TrpE interface in the center of the molecule [18, 19] .
However, in a second association state, exemplified by the tetramer from Sulfolobus solfataricus (SsAS) [20] , the TrpE-TrpG dimer-dimer interface involves central TrpG subunits with TrpE subunits on the outside (Fig. 4b) . This mode of association is consistent with the fact that tryptophan inhibition of SsAS is non-cooperative, and it is also consistent with there being a single TrpE-TrpG pair as the functional unit. Presumably, conformational changes associated with tryptophan inhibition in SsAS are propagated within the TrpE-TrpG dimer and do not cross the central dimer-dimer interface, a phenomenon that jibes with what is seen in our study with SvAS, where inhibition is within the TrpEG monomer. Our results thus highlight the conclusion that a variety of association modes are possible for anthranilate synthases, and that the only absolute requirement is the presence of an intact TrpETrpG unit.
We note that the function of the *50 amino acid long polypeptide linker, and whether or not it plays a role, either directly or indirectly, in catalysis or tryptophan inhibition, is unknown. In the fused PhzE from Burkholderia lata, which is active as an intertwined dimer in which the functional TrpE-TrpG unit is contributed from two different subunits, the linker does contribute to conformational changes associated with catalysis (but the enzyme is, as expected, not inhibited by tryptophan) [27] . Since our results show that SvAS is a monomer and not a dimer, these insights regarding the role of the linker may not be relevant despite the fact that SvAS shares high sequence similarity with PhzE enzymes from Pseudomonas. Insights about the precise location of the tryptophan site and the linker's role may be revealed by future structural and structure-function studies.
The most significant conclusion from our work is that, unlike other AS enzymes studied to date, the fused AS from S. venezuelae functions as a monomer. This finding reconciles earlier results showing two very different subunit association modes for anthranilate synthases [18] [19] [20] . It highlights the notion that a variety of modes are possible, and that the only absolute requirement is an intact TrpETrpG functional unit.
Finally, this study adds to a growing body of knowledge about the function and structure of bacterial anthranilate synthases and other chorismate-utilizing enzymes, which are, by virtue of their central roles in primary and secondary metabolism and their absence in humans, excellent antimicrobial drug targets (see [28] ). 
